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The theory of plate tectonics describes some basic global tectonic processes as a result of motion of 
lithospheric plates. The boundary between lithosphere and asthenosphere (LAB) is defined by a 
difference in response to stress. Position of LAB is determined by: (i) the ratio (melting 
temperature)/( temperature) and (ii) an invariant of the stress tensor. We consider the role of these both 
factors for origin and decay of asthenosphere. We find that the asthenosphere of shear stress origin 
could be a transient, time-dependent feature.  
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1. Introduction 
The plate tectonics theory describes some of the basic tectonic processes on the Earth as motion 
of lithospheric plates. The plates are moved by large-scale thermal convection in the mantle. The 
lithosphere is mechanically resistant. Its thickness varies from ~50 to ~250 km. The lithosphere is 
underlain by the asthenosphere. The boundary between the lithosphere and the asthenosphere (LAB) 
is defined by a difference in response to stress: the asthenosphere deforms viscously. The bulk of 
asthenosphere is not melted (1), but at the deformation rate typical for the mantle convection (about 
10-14 s-1) it behaves as a fluid with the viscosity η of about 5 1019 kg m-1 s-1. The mantle below has 
higher effective viscosity (e.g. 1022 kg m-1 s-1) (2). In the present paper we consider the role of two 
important factors determining the rheology: the ratio q=(melting temperature)/(temperature) and 
σ=(invariant of the stress tensor) for the evolution of the system of two lithospheric plates and two 
asthenospheres.  
 
 
2. Viscosity of the mantle 
A few factors determine effective viscosity of the mantle. According to (3 4 5)  a generalized 
viscosity relation valid for both diffusion and dislocation creeps is: 
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where η is the viscosity [Pa s], σ is the differential stress [Pa] (in fact: an invariant of the stress tensor), 
Ea is the energy activation [J], p is the pressure [Pa], and Va is the volume activation [m
3]. 
C (G, h, fOH, fmelts) is the function of rigidity G [Pa], the grain size h [m], fOH is the hydrogen and 
hydroxyl concentration, fmelts is the melt fraction 
(4). 
The expression Ea+pVa is proportional to the temperature of melting Tm. In a typical approach, 
the asthenosphere is believed to be determined by the ratio of Tm to the actual temperature T, i.e. by q. 
Therefore, the basic differences of lithosphere and asthenosphere properties are often explained as a 
result of the T-p conditions.  
The lithosphere is a thermal boundary layer (6) for the mantle convection. The temperature of 
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its upper part is low but the vertical temperature gradient in the lithosphere is high. Below the 
lithosphere, the temperature gradient is low (could be close to the adiabatic gradient (7 8)) and Tm(p) is 
increasing with depth faster than T. Hence, q and the viscosity η reach their minimum values just 
below LAB and they are increasing with depth in the mantle below.   
Of course, it is a typical situation. Tectonic processes in subduction zones could change this 
picture. A lithospheric plate could be placed in the mantle below another plate. Distribution of q in 
such a case could have two minima, so two asthenospheric layers could be formed.  
Note however that equation (1) indicates that the effective viscosity depends also on other 
factors, e.g. chemical composition, size of grains, etc. In our consideration we choose to investigate 
the role of σ. Generally, viscosity is proportional to σ1-n. For n=1 the viscosity does not depend on 
the stress (this is the Newtonian rheology). For true mantle n is probably in the range from 3 to 5.  
The asthenosphere plays an important role in the plate tectonics enabling the motion of plates. 
Note that the term “asthenosphere” could be understood in a few ways. Below a moving lithospheric 
plate, through the asthenosphere, there is a vertical gradient of horizontal velocity of the matter. This 
asthenosphere could be referred as an active asthenosphere. If there is no velocity gradient, but the 
viscosity is low, then one can use term: potential asthenosphere. It is a low viscosity and low velocity 
of seismic P- and S-waves zone (LVZ). The flow of the mantle material in the asthenosphere could 
result in some seismic anisotropy of the layer. The anisotropy could be permanent (‘frozen’) and 
consequently a fossil seismic asthenosphere could be formed. 
Fig. 1. (a):The scheme of our system and  positions of the plates. White line gives the initial temperature. The 
upper plate’s velocity is 10-9 m s-1 (~3 cm yr-1). (b): Evolution of the effective viscosity of the system for non-
Newtonian rheology (n=3.5). The initial profile is green while the final is red (after 50 My). Blue lines give 
profiles for equal time steps (~2.5 My). Note that the final profile has two distinct minima of viscosity shown 
by the arrows. See text for more explanations.  
 
3. Equations of our model 
We investigate here the role of q, σ and n for the formation of asthenospheric layers. The σ and 
n are not directly coupled with the temperature, so our research includes also non-thermal conditions 
of the formation. We neglects only some factors included in C(G, h, fOH, fmelts).  
The existence of thermal (q) and mechanical  (σ ) factors means that (at least in some cases) 
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one can discriminate an asthenosphere of mainly thermal origin (i.e. determined by the value of q) 
and an asthenosphere of mainly shear stresses origin (determined by the value of σ ). This idea is 
presented in (9) and in more developed form in (10). 
 
Table 1 
Values of parameters used in the models. The Ea, Va,  and C/G are after (6). Lower part gives thicknesses of a 
considered layers and heat production per 1 m-3. Velocity at the lower boundary is zero.  
n Ea [J]     Va  
[m3 mole-1] 
C/G Velocity 
at the 
surface 
[m s-1]  
 
 g(x)  
[Pa m-1] 
     k  
[W m-1 K-1] 
   ρ 
[kg m-3] 
3.5  
(non-Newtonian) 
5.4×105 2×10-5 1010 10-9 0.1 2 3500 
 
Structure of plates 
 Qgranite  
[W m-3] 
Thickness 
d [km] 
Qbasalt  
[W m-3] 
Thickness 
d  [km] 
Qmantle  
[W m-3] 
Thickness 
d [km] 
Total 
thickness[km] 
Upper plate 5×10-7 18  10-7 28 10-8 80 126 
Lower plate  0 2×10-7 20 10-9  20 
 
To investigate that problem we use 1D model based on the following system of Navier-Stokes 
equation for infinite Prandtl number and equation of heat transfer:  
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where v is the horizontal velocity [m s-1], g(x) is the horizontal gradient of the pressure [Pa m-1], c is 
the specific heat for constant pressure [J kg-1 K-1], ρ is the density [kg m-3], t is time [s], k is the 
coefficient of thermal conduction [W m-1 K-1] and Q is the heat generation rate per unit volume 
[W m-3]. Our model could describe basic processes determining evolution and extinction of the 
asthenosphere but still is simple and numerically efficient. 
 
Fig.2. Seismological observations of low velocity zones and asthenosphere (according to data of (18 19) ). In 
many regions two layers with low velocity of S waves are observed. We suggest that at least some of LVZ 
could be presently `active`, `potential` or `fossil` asthenospheres.  
 
4. Simulations and results 
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We consider two lithospheric plates: the upper plate and the lower plate (Fig. 1). The upper 
plate is a model of continental lithosphere which consists of thick crust and the lithospheric mantle. 
The lower plate is a model of oceanic lithosphere. The basaltic crust is thinner and its radiogenic 
heating is lower than in the upper plate – Fig. 1a and Table 1. Such system could serve as an 
approximation of the situation observed in some subduction zones, especially for flat-slab subduction 
(11 12 13). The flat slab can extend for 100-1000 kilometers. The flat-slab subduction is used as an 
explanation of  segmentation of the Andean Volcanic Belt.  
The initial situation is given in Fig. 1a and in Table 1. White line in the Fig. 1a gives the initial 
temperature. According to our boundary conditions the temperature on the upper boundary is constant, 
and the heat flow (or temperature gradient) is constant on the lower boundary. The initial temperature 
profile corresponds to thermal age of the upper lithosphere of 30 My and for the lower plate: 20 My. 
For oceanic lithosphere the thermal age results from the cooling plate model (5). For continental 
lithosphere it is just simplification. We do not model any specific region, but some parts of the 
continental lithosphere in Andean are geologically relatively young (i.e., ~50-100 My). The oceanic 
Nazca plate close to South America is also young, i.e. ~20-40 My.  
Fig. 1b presents evolution of the viscosity distribution of our system for non-Newtonian 
rheology. The initial profile of viscosity is given by the green line while the final by the red one. Blue 
lines give velocity profiles for equal time step, approximately each 2.5 My. Note that the final profile 
has two distinct minima shown by arrows. The upper minimum could be treated as an expression of a 
`fossil asthenosphere` and the lower one as an `active asthenoshere`. For the Newtonian reology the 
minima of viscosity are less distinct.  
Note an important difference between the evolution of T-p conditions and mechanical 
conditions included in σ. The typical time scale τ [s] for thermal evolution is given by (15):  
 τ = λ2 / κ,          (4) 
where λ is the spatial scale [m] (e.g. the thickness of asthenosphere) and κ=k/(ρc) is thermal diffusivity 
[m2 s-1]. For typical values: λ=100 km and κ=10-6 m2 s-1 the τ=300 My. So the characteristic time of 
decay of the thermal asthenosphere is hundreds of My.  
The evolution of mechanical conditions could be faster. Consider moving an oceanic lithospheric 
plate with a terrane. When the terrane reaches the subduction zone the resistance is high and could 
even stop the plate in geologically short time. The corresponding changes of σ could be fast and 
consequently the characteristic time of decay of the asthenosphere of the shear stress origin could be 
short.  
 
5. Other options and observations 
Our model concerns mainly flat-slab subduction (11). However, a few other processes could 
also lead to double asthenospheric layers. An example of such process is given in (14). His Fig. 3 
presents model for continent-continent collision with lithospheric delamination (stage 4 in the figure). 
Another example is given by (16) (his Fig. 6.16).  
In Fig. 2 we give some profiles of the seismic wave velocities from different regions. Two 
minima of the velocity is a quite common phenomenon. Compare the minima of viscosity with minima 
of the velocity of SH waves (LVZ and asthenosphere). 
We suggest that some of them could be a result of the existence of double asthenospheric 
layers. Seismic tomographic observation presented in (17) gives other examples of complicated 
structures of a few low and high velocity layers. Other problems with determination of LAB are 
discussed in (6 13).  
 
     6.  Conclusions  
1. Two kinds of asthenosphere could exist: mainly of mechanical origin (or shear stress origin) and 
mainly of thermal origin.  
2. The evolution of σ could be very fast, so the asthenosphere of shear stress origin could be a transient, 
time-dependent feature.  
3. The evolution of the system of two asthenospheres leads usually to origin of a thick lithosphere 
two_mechanisms_LCMG2018_arx_w  5 
with two low S-wave velocity layers. Note also that two low S-wave velocity layers are observed in 
some continental lithospheres.  
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